Abstract: Building-related information is captured and has to be reused throughout the entire building life cycle. Therefore, an intuitively understandable and easy-to-handle access to a building life cycle wide archive is essential. Cross-disciplinary information seeking should be possible based on a three-dimensional representation of the building. In information seeking the planner must not be restricted to a single searching strategy. This paper initially focuses on all supporting explorative searching strategies. A "raw" building information model schema has been enhanced by user-oriented associations between particular data objects, referred to in this paper as "navigation links." Each link is defined as a new property of a particular concept of the building model schema. Such a link points to a query recipe that can retrieve information about each instance of the concept. If the link is activated by a user, the query recipe is instantiated and processed by the system. The navigation links are formally represented using the Web Ontology Language. This paper describes the structure of the links as well as the structure of the system, which stores and processes the links throughout an information-seeking session.
Introduction
The capturing, storage, and management of building-related data is an important task during the entire building life cycle. An equally important task is the provision of an intuitive and easyto-handle access to the captured information. Especially for planning changes of building use or building substance, an architect has to be aware of the existing building substance, all requirements, potential problems, and contributing disciplines "at a glance" to be able to develop an appropriate overall concept.
Some typical scenarios in planning practice of reconstruction projects are as follows: 1. The building's existing spatial structure does not provide space for a large auditorium. A suitable location has to be found, where such a space can be provided by removing some walls. 2. Elevators have to be installed and the possible locations for them shall be identified. 3. Possible locations for new heating, ventilation, and airconditioning pipe installation have to be identified. When developing an overall design concept for the project, the architect or planner has to find an optimum overall solution, considering several alternative solutions for each partial problem. To do so, the planner has to go through and compare several alternatives quickly in his/her mind. Typically, questions such as the following occur: where were damages found, which elements are parts of the structural system, and which elements are parts of the fire protection concept. Therefore, an easy-to-handle and intuitively understandable access to the available information regarding the building is required. Otherwise, the planner might easily get lost in unknown information structures or might be overwhelmed by mentally mapping the content of alphanumeric lists or tables to the building's spatial structure. Cross-disciplinary information seeking should be possible based on a threedimensional representation of the building. Also, a person seeking information must not be restricted to a single searching strategy. Instead, use of explorative strategies via navigation as well as the use of declarative strategies via formal queries must be possible. More details on the requirements of human-oriented information seeking can be found in Wender et al. ͑2006͒.
Constraints and Requirements

Structure of the Database: Model Compound
The writers do not assume to have all information related to a particular building, fully integrated by a cross-domain building model schema. Instead, it is more realistic to think about the information as being stored in several domain-specific models for the following reasons. Integrated building information models such as the Industry Foundation Classes ͑IFC͒ are growing in interest. The IFC model does not intend to represent any regional or domain-specific information like, for example, rules for fire protection. However, there are still many domain-specific model schemas in use, which have traditionally evolved over time along with the software applications in use. Quite often the content of these schemas cannot be completely transferred into the IFC schema.
A set of several interlinked domain-specific models that stores data related to a particular building is referred to here as a model compound. Because of its cross-disciplinary scope the IFC schema can provide a central node in the compound to which other domain model schemas can be linked. Fig. 1 illustrates such a model compound.
Based on previous research ͑Hauschild 2003; Willenbacher 2002͒, one can rely on a model management infrastructure that provides a means for run-time dynamic definition and modification of domain model schemas and for domain model integration via mappings that interlink the participating models.
Reuse of Previously Captured Information
The reuse of information is possible only if the required information can be found. Currently, cross-disciplinary information seeking presents several obstacles: 1. The information is spread among different domain-specific models contributed by different participants. 2. Cross-disciplinary information seeking cannot rely on the visualization functionality of domain-specific software applications, but requires cross-domain viewer applications. 3. The model compound representing a building's individual archive is dynamic, which means that its state and structure are not predefined and may change over time. Domain models may join ͑or even leave͒ the compound along with the changing constellation of the planning team. 4. The information needs and questions regarding the building that may occur throughout the building's life cycle are not predictable at all.
Cross-Disciplinary Exploration of the Model Compound
Our research in general aims at supporting cross-disciplinary information seeking within a dynamic model compound such as the one described earlier. This paper initially focuses on supporting explorative searching strategies, for which enabling navigation is the most important issue. Navigation, however, is based on intuitively understandable and "navigable" representations of the information space, which can hardly be provided based just on the "raw" data schemas of software-oriented building information models. The writers think it is necessary to enhance the raw model schemas by capturing and storing information that represents user-oriented associations between particular data objects. Thus, additional "navigation structures" are provided. If these navigation structures are formally represented, they can be used by any viewer application for generating more human-oriented navigable representations.
Related Research
Much research has been and is still being conducted in the fields of building information modeling and information integration for building projects. In the field of open hypermedia systems, varying research activities aim at structuring information for human navigation. The following sections provide a brief outline of the current state of research and technology in these fields. 
Modeling and Model Integration Technologies
Within the recent decade object oriented building information models were established as a widely used method to capture, store, and manage building-related information. Currently, many discipline-specific schemas exist for different fields of application in building and construction. One of the most critical problems is the integration and realization of interoperability among the heterogeneous domain models contributing to a building project. In general, two different philosophies behind model integration approaches can be distinguished: 1. The centralistic concept, where domain-specific model schemas are integrated via a shared cross-domain schema. Depending on the assumed initial situation two alternative approaches are possible: ͑a͒ All domain-specific schemas are derived from the shared schema by specializing the concepts of it. In this case, the schemas are naturally integrated; and ͑b͒ domain-specific schemas that evolved independently from each other are mapped to the shared schema. Then, equivalencies among the concepts of the domain schemas and the shared schema have to be identified and formally described as so-called mappings. 2. The "anarchistic" integration concept, where all participating domain model schemas are mapped pairwise to each other. This approach requires the management of N͑N −1͒ mappings for N domain model schemas, which results in a much higher complexity compared to Approach 1.
Standards for Formal Representation of Building and Construction Knowledge
The IFC is established as an international organization for standardization standard for the exchange and sharing of buildingrelated information. The IFC schema was developed by the International Alliance for Interoperability as a general information model to support the communication among the participating disciplines throughout a building project's life cycle ͑IAI 2002͒. The IFC in general follows Integration Approach 1-a. On the one hand, the IFC specification gains an increasing interest not only in the research field, but also in the field of commercial software applications. On the other hand, however, there are two critical aspects of large scale building information models in general that apply to the IFC schema as well: 1. The IFCs are designed to be used by software applications, and therefore they provide a large scale and very complex model, which is quite different from the context-adapted abstraction and representation patterns of the planners' mental models. For details, see Katranuschkov et al. ͑2003͒. 2. Currently available viewer implementations for IFC-based data are self-contained solutions that present IFC model data based on the "raw" schema without concerning more humanoriented associations among the data objects. External information, which is not stored in the IFC schema, cannot be displayed. The International Framework for Dictionaries ͑IFD͒ is a nonarchitecture/engineering/construction ͑AEC͒-specific framework that provides means for language-independent structuring of knowledge within a particular field of interest ͑ICIS 2004; IFD 2007͒. A general principle of IFD is to label each concept with a globally unique ID representing the concept within the dictionary. To this ID semantic descriptions as well as names or definitions in multiple languages can be mapped. Thereby the meaning of a concept can be explained and identify language independently; also translations of names and definitions can be processed automatically.
Semantic Web Technologies
In terms of model integration semantic Web technologies, ontology-based techniques in particular seem to gain an increasing interest within the AEC research community.
According to the definition of Gruber an ontology is a "formal description of the concepts and relationships that can exist for an agent or a community of agents" ͑Gruber 1993͒. More generally an ontology is a formal conceptualization that pieces of software can share to enable interoperability among them by sharing the "meaning" of the data they operate on. The description logic based Web Ontology Language ͑OWL͒ evolved as a language standard for the formal representation of ontologies on the web. Currently OWL has the status of an official recommendation of the World Wide Web Consortium W3C ͑W3C 2006͒.
Application in Building and Construction Research
An attempt at utilizing ontologies as an intermediate layer between the engineer as the end user and a large scale building 
Deficit of Current Approaches
The above described research merely targets the access to distributed resources and semantic interoperability among pieces of software. It was successfully demonstrated how an integrated view to distributed partial models can be provided through the usage of a shared ontology ͑Rüppel et al. . However, the integrated view is rather meant to be used by software than by human beings directly. What is missing at the current state is an appropriate interface coupled with the integrated view to make the various relationships among data objects as well as the spatial structure and building elements visible and searchable for humans.
Open Hypermedia Systems
Open hypermedia systems ͑OHSs͒ aim at providing "a global unified environment for structuring information and navigating among pieces of information" ͑Grønbaek and Wiil 1997, Sec. 2.1͒. OHS research explicitly distinguishes between content and links. Content means any piece of information like data objects, documents, or parts of these. Links are associations between pieces of information, which are explicitly represented as hypermedia structures and stored separate from the content. A proposal of a reference architecture for OHSs was published by Grønbaek and Wiil ͑1997͒.
OHSs aim at providing any application presenting, editing or otherwise operating on content with so-called hypermedia ser-vices. Within the context of our research the most interesting services are: structuring of information by defining links, navigation among pieces of information by using links, and integration with other applications.
Weal et al. ͑2001͒ successfully applied open hypermedia concepts to realize an interface to an ontological information space, which allows human users to navigate and search this information space. They overlaid an ontological information space in an agent-based information management system with a hypermedia model. A set of queries over the information space was represented as a set of hypermedia links between ontological concepts and queries. These links can be used to navigate from a concept to information somehow related to it, even if the relationship might be represented through several cascades of concept relations within the "raw" ontology.
Salampasis and Diamantaras ͑2002͒ describe an information seeking environment which allows the parallel usage of several information seeking strategies via multiple user interfaces. It was developed on top of an agent-based OHS and uses the software agent technology itself to enable coordination among and update of the multiple user interfaces. This research however focuses on navigation within a digital library of scientific articles, and therefore the information-seeking strategies reported cannot be directly transferred to an information-seeking environment for building related data.
How to Handle Complex Nested-Object Relationships
Building model schemas, especially large scale schemas like the IFC schema, define the data structures as they are needed by software applications. This means, that they content cascades of complex and nested object relationships that can hardly be intuitively understood and interpreted by human beings. So the human information seekers are faced with the following problem: Quite often the information needs are vague and cannot be expressed by an exact list of criteria. ͑"I cannot describe exactly what I am searching for, but I can tell, when I see it."͒ In parallel, the information structures that have to be traversed, which are in our case the nested object relationships, are unknown to the information seeker. Fig. 2 illustrates the problem by using an example from the IFC schema. In IFC there is no property marking a building element directly as a part of the structural system. Architecture elements and structural member elements are modeled as separate aspects of a building, and they are linked via nested object relations. A person who is not familiar with the schema will find it difficult or even impossible to figure out, if an architectural object is load bearing. To support the person in navigation a "shortcut" from an architectural object to a related structural member object would be very helpful. This shortcut represents an association the planner might use in a mental model of a building: a particular building element is load bearing.
If such shortcuts can be formally represented in a machine readable way, viewer tools will be enabled to interpret and process them. Thus, data can be prepared for presenting it to an information seeker. Actually this is not different from the way currently available viewer tools prepare and present data. But the information about how to interpret and prepare data is "hard coded" within the viewers for just a single data format or schema. The writers decided to separate such explicit association definitions from any viewer implementation to enable independently modifying and sharing them among several viewers. This idea was borrowed from approaches reported within the OHS research.
On schema level the writers represent such associations by assigning a new property to a class. For example the abovedescribed class IfcBuildingElement receives a new property "isLoadBearing." The target or value of such a property refers to a query recipe that can retrieve information about instances of the class. Here, this structure is called "navigation link" according to the idea Weal et al. ͑2001͒ proposed. With the given class as the starting point the query recipe defines how to get to another class by traversing the existing nested object relationships defined by the schema.
Returning to the example, such a navigation link can be used in the following manner: an information seeker might pick a set of IfcBuildingElement instances and wants to know if some of these objects are load bearing. Then the system has to instantiate and process the query recipe to find if there are any related instances of IfcStructuralMember. After analyzing the query results the IfcBuildingElement instances of the given set are assigned with the property "isLoadBearing" referring to the particular related IfcStructuralMember instance͑s͒. The resulting instanceproperty-instance triples are temporarily stored and passed to the viewer for generating an appropriate presentation.
Formal Representation of Navigation Links
Viewer tools can interpret and utilize the navigation links only if they are available in a machine readable format. Therefore the syntax of a navigation link can be seen as subject-predicate-object statement.
The resource description framework ͑RDF͒ recommended by the World Wide Web Consortium ͑W3C͒ ͑W3C 2006͒ provides a fully web enabled representation method for these form of subject-predicate-object statements. Using the XML ͑Extensible Markup Language͒-based notation of RDF the navigation link definitions can easily be shared among different applications. In recent years, RDF has been extended by RDF schema ͑RDFS͒ and the Web Ontology Language ͑OWL͒. Each extension provides an additional set of language constructs to enable more complex metadata descriptions, like class or property hierarchies or constraints regarding particular properties of a class. All these language levels allow the import and extension of already existing metadata specifications, which are available somewhere on the web. After instantiating a query recipe according to a user's selection the model management server has to process the generated query string, and has to return the resulting instance pairs.
The utilization of OWL-based inference mechanisms would be an alternative method to process the navigation links. However this requires the transformation of all instance data stored by the model management system into an OWL-based representation. However, the writers decided to avoid creating such redundant copies of a large data set. Instead, the Object Query Language ͑OQL͒ was used to communicate with the model management system. This means the query recipe is represented in OQL syntax. Fig. 3 provides an example of such a query recipe.
The navigation links are formally defined in an OWL file that imports and extends the ifcOWL2 ϫ 2, an OWL-based representation of the IFC schema. This OWL file is available on the web due to the efforts of a research project in Einhoven/The Netherlands ͑Beetz et al. 2005͒. The property names ͑like "isLoadBearing"͒ were defined in a separate OWL file, which is also imported by the link definition file. This allows keeping the property name definitions as a separate set of terms that can be shared independently from any link definition. Also this file is subject to be replaced by some standard vocabulary or collection of terms throughout further development. Here also a connection to one of the IFD implementations for the construction sector, e.g., BARBi ͑2007͒, might be considered. Fig. 3 illustrates the metadata definition files, their relationship, and the syntactical structure of a single navigation link.
System Architecture Concept
Managing the navigation links means to import navigation link definitions from RDF/OWL files, to build up a corresponding internal model of the link definitions, to look up available definitions for a given instance, and to send a request to the model management server to perform the related query. Four principal system components are responsible for handling these particular tasks ͑see also Fig. 4͒ : 1. The model management system handles the persistent storage of the "raw" building model compound. 2. The navigation database ͑naviDB͒ is responsible for the persistent storage of the navigation link definitions in a way that they can be queried and retrieved. Further, the database provides mechanisms for caching the results of already processed navigation links for possible reuse during a navigation session. 3. Viewer/information seeking tools provide functionality for visualization, browsing/navigation, selection, and query formulation to the user, including appropriate user interfaces. Several viewers provide different visualization/presentation/ searching and user interaction functionality based on access to one and the same model. Thereby a rich tool set for visual exploration in combination with analytical searching is provided, which allows a flexible extension or adaptation of the navigation and searching functionality according to project or user specific needs. 4. A coordination component is responsible for handling the interaction between the above-described components. This merely schematic description abstracts from the complexity of a network-based environment, as this would add complexity but actually no new tasks/components. So the model management system may be seen as a proxy for a network-based model compound. At the same time the viewer modules and the navigation database may be located at different machines, so the coordination component would have to enable a network-based interaction and coordination among them. Therefore, the coordination component may actually consist of several separate but interacting subcomponents.
Example Scenario of Usage
How would such a navigation environment be used in a scenario like the one described in the introduction? How will the described components have to interact? To illustrate the components' interaction the writers focus on the task of retrieving and displaying all architectural elements of IFC-based model, which are parts of the structural system. After setting up the information-seeking environment and loading the navigation relevant architectural elements the following steps will be employed:
1. An information seeker selects the navigation link "isLoadBearing" and calls "display all elements" ͑e.g., via a context menu͒. 2. The coordination component looks up the naviDB, if the selected link was already processed and the results can be found in the cache. If not, it has to find the query recipe related to the navigation property "isLoadBearing" and the element types the property is defined for. 3. The coordination component sends a request to the model management system to process this query for all instances of the retrieved element types. 4. The model management system processes the query and answers with a set of source instance-target instance pairs retrieved as a result of the query processing. 5. The coordination component hands over the query results to the naviDB, which stores it in the cache. Also it sends a message to the viewers containing the IDs of the instances to be highlighted. 6. The viewers set up their display accordingly. This means, from the user's perspective the task will be carried out through few mouse clicks including the start and setup of the navigation environment.
Experimental Prototypes
At the time this paper was written, the writers had carried out a small proof of concept implementation of the most important system components. For the management and storage of the building model compound the writers have used a generic model management server, which was developed during former research work. This server was adapted to allow reading in any EXPRESS schema, and thus the writers could set it up to provide an IFC model server. However, it allows using the same infrastructure as well to manage any other domain model that was modeled independently from IFC. A fire protection model or a damage/ deficiency model for example might be such IFC independent domain models.
The creation and manipulation of the RDF/OWL metadata definition files was done by using the Protégé ontology editor, a free open source tool developed by the Stanford Center for Biomedical Informatics Research. Viewer applications were enabled to read in and manage the files by utilizing the Java Jena framework ͑HP Labs 2007͒. Fig. 5 shows how the navigation link definition looks in the Protégé editor and how the links might appear as properties in a viewer. Finally, the naviDB was realized as a MySQL database that provides for persistent storage of the entire navigation model created from the definition files, and for caching of already processed links for the duration of a navigation session.
Conclusions
This paper has described an approach to provide user-oriented navigation support for exploring a complex building information model by so-called navigation links. Throughout this research the writers could successfully demonstrate how to formally represent and store navigation link definitions in RDF/OWL-based metadata description files. A prototype viewer demonstrates the processing of navigation links in interaction with the model management system.
The metadata definitions as well as their manipulation and management use common open source technology and editing tools, which are currently a de facto standard. However, incorporating RDF/OWL adds a new technology layer to the existing model management infrastructure, which has to be defined properly to keep the overall system concept clear. As the Protégé editor itself is a fairly complex tool, the creation and manipulation of navigation link definitions requires some expertise. Although complexity can be reduced in the presentation of data to an end user, the complexity has to be handled at another place: in the process of defining the navigation links and predefining the query recipes.
The example in the present paper has demonstrated the navigation link approach on top of the IFC model. The principle of the approach, however, is generic and applicable to any other IFC independent building model schema and data.
Future Research
In future work the writers are going to review the overall system concept to provide a clear conceptual structure of its layers and the components belonging to them. By now the writers have identified three layers: the model management infrastructure, including the model management system and the "anarchistic" link management; the navigation structures and management tools, to which the navigation link definitions belong, as well as personal links directly defined by planners on instance level; and the layer of presentation and user interaction, including viewer and query tools.
Further, the aspects of query definition and processing as well as of realizing cross-disciplinary three-dimensional model visualizations have to be clarified more in detail. There are several potential solutions; however, none of them is really satisfying by now. IFC viewers can only visualize data, which can be accessed via the IFC schema. Data of IFC independent models cannot be visualized. Assigning an explicit geometric representation to each object of the building's spatial structure would be another option. Thus, the discipline-specific information represented as distributed domain model objects could be linked to this representation. However, this would require some additional effort in data mapping and management of the navigation structure. On the other hand, this approach might provide a new perspective for the integration of multiple representations of the same object resisting in several domain models.
